A cooling system using oscillating heat pipe (OHP) has been developed for a balloon-borne astrophysics project GAPS (General Anti-Particle Spectrometer). Taking advantages of OHP, such as high conductivity, low-power, and suitability for spread heat source, OHP is planned to be used to cool the GAPS core detectors. OHP is a novel technique and it has never been utilized in practical use neither for a spacecraft nor for a balloon-craft, regardless of its many advantages. In these several years, we have investigated OHP's suitability for GAPS step by step. At first, we have succeeded in developing a scaleddown OHP model with a three-dimensional routing, which can operate in a wide temperature range around between 230 K and 300 K. We also succeeded in the first OHP flight demonstration with a prototype GAPS balloon experiment. Subsequently, we developed actual-sized OHP models with various routings. Numerical simulation models have been developed in parallel to further optimize the OHP design by understanding the OHP performance both macroscopically and microscopically. The design of the OHP check valve has been improved as well. This paper discusses the latest status of the GAPS-OHP development.
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Introduction
A cooling system has been developed for the General AntiParticle Spectrometer (GAPS) project by using the Oscillating Heat Pipe (OHP) technique. GAPS is a US-Japan cooperative balloon-borne space science project, which aims to contribute to solving the dark matter mystery through highly sensitive cosmic-ray anti-particle investigation. 1) One of the most important technical components to be developed for GAPS is a thermal control system to cool plenty of core silicone detectors efficiently all at once. In the GAPS full-scale and "descoped" designs, 4000 (1350) detectors are arranged in 13 (10) , and their total heat dissipation is about 800 W (100 W), respectively. That is, the heat source has a feature that the total amount of heat is large but the heat flux is low. The detectors should be cooled down to their operation temperature below 238 K, which is nearly the ambient temperature at balloon flight altitudes. Heat generated by the detectors must be transported to a radiator attached to the payload sidewall, which is 2 m away from the detectors on average, and must be dissipated to space by heat radiation. The radiator is expected to be cooled down to around 223 K (depending on the radiator area). The cooling system is desired to be functional at room temperature, too, in order to check the health of the system on the ground prior to the launch. In order not to disturb the upward field of view of the detectors, the amount of the heat transfer tube (and any other material) existing in the field of view must be minimized as much as possible. Since the balloon flight environment is under gravity (different from spacecraft) and the heat transfer route must weave through detectors, the heat must be transferred under gravity. Because this is a flight experiment, the power consumption and the weight of the thermal control system must be minimized.
One prospective method to meet these thermal requirements is to use the closed-loop single-phase-fluid pumping method.
Technically this method is feasible, but the pump will need nonnegligible amount of electric power and the heat transfer tube must be thick (resulting in a large mass). To overcome these weaknesses, we have developed an alternative method by adapting the OHP technique.
OHP is a novel technique that can achieve heat transfer through a passive thermo-fluid-dynamics process. 2) An OHP consists of a meandering closed (or pressurized) capillary tube going back and forth multiple times between a heating section and a cooling section. The pressure balance between vapor plugs and liquid slugs of working fluid in the capillary tube excites self-oscillated flow which primarily transfers the heat from the heating section to the cooling section. Therefore, in principle, the OHP operates with no electric power. Compared to the conventional heat pipe, the OHP has many advantages such as simple fabrication capability (because the OHP's capillary tube needs no internal wick), lower sensitivity to its orientation (or gravity), capability for a large amount of heat transfer, and adjustability to low heat flux. In addition, by utilizing a liquid reservoir, the OHP can enhance its potential by serving as a temperature controllable device. 3) That is, the temperature of the heating section can be controlled by controlling the liquid reservoir temperature. The reservoir is also useful to keep the amount of the effective working fluid by compensating for possible tiny leaks.
Since the concept of OHP is fairly new, the OHP has never been utilized in practical use neither for a spacecraft nor for a balloon-craft. The OHP had been researched mainly to understand its fundamental phenomena. Therefore, most of the OHPs studied in the past were desktop-scaled less than 1 m with planar routing and were operated at room temperature. 4) Considering the application of the OHP technique for GAPS, we need an OHP with a turn length of several meters, with a three-dimensional complex heat-transfer routing, and with a wide operational temperature range between around 220 K and 300 K (especially suitability to low temperatures). We have researched the applicability of the OHP for GAPS step by step as described in the following sections.
Initial Studies with Scaled Down OHP Models
Selection of working fluid material
In the early stages of the GAPS-OHP development, we made several types of small OHP models to study basic performance of OHP. Using a planate OHP model with a turn length of 30 cm (Fig. 1) , we confirmed for the first time that R410A can work as working fluid and can show better performance (e.g. larger amount of heat transport) than R134a at low temperatures around 240 K. 5) As for characteristic features including the saturation vapor pressure of each material, refer Table 1 and Fig. 2 . R134a has been often used for the conventional OHP researches. It is considered that the saturation vapor pressure and its gradient to temperature should be high on some level in order to operate effectively as working fluid. Generally saturation vapor pressure decreases with the decreasing temperature. R410A has saturation vapor pressure higher than R134a, and thus is considered to be more suitable for low temperature. We also confirmed that CO2 (carbon dioxide) can provide larger heat conductance than R134a at low temperatures, possibly because of its high saturation vapor pressure. 5, 8) Nevertheless, we don't consider CO2 as a major candidate of the GAPS-OHP working fluid, because its working temperature range has little margin beyond the GAPS system requirement; the lower side is limited by the triple point of 216.6 K and the upper side is limited by the critical point of 304.2 K. NH3 (ammonia) has high saturation vapor pressure, too. Since it is hazardous especially in terms of safety issues during ground Although we consider R410A is the best working-fluid candidate for GAPS so far, seeking for further better material is in progress. For example, R23, which is an alternative for chlorofluorocarbon with saturation vapor pressure even higher than R410A but lower than CO2, might be a candidate. We have confirmed that R23 can work as working fluid at some level, but we are still investigating whether there is a negative effect on the OHP performance due to its very high saturation vapor pressure. 9, 10) 2.2. Three dimensional routing of "U-shape"
In terms of minimizing the mass of transfer tubes within the detector view, the "U-shaped" routing ( Fig. 3) is a good option. The detector heat dissipation is once gathered in the vertical direction to the outside of the detector view and then is transferred horizontally to the payload sidewall. The two vertical sides of the U-shape correspond to the stack of detectors (the heating section) and the radiator (the cooling section), and the horizontal side corresponds to the horizontal heat transfer part (the adiabatic section). For the full-scale GAPS, assuming 100 vertical heat transfer lines each of which passes through all the 13 layers and absorbs the heat dissipation corresponding to three detectors at each cross point, the heat transport capability required for each line (or turn) is > 8 W with thermal gradient of < 15 K (between the heating section of 238 K and the cooling section of 223 K).
Based on this original design, we developed a scaled-down U-shaped OHP model with a turn length of 1 m (Fig. 4) . As a result, we verified for the first time that the OHP with threedimensional routing can operate. 11) This OHP works in a wide temperature range between around 230 K and the room temperature with R410A ( Fig. 5) . By using this model, layout of OHP components was investigated, too.
11)
For example, check valve (CV) attached to the heating section inlet seems to be more useful to make effective one-directional flow compared to CV attached to the cooling section inlet. In the case of this directional flow, the reservoir attached to the end of return line seems to be more useful than the one at the inlet of return line. 
Flight Demonstration with a Scaled-Down OHP Model
In 2012, an engineering balloon flight called prototype GAPS (pGAPS) was carried out. The pGAPS flight aimed to verify and demonstrate the basic performance of each GAPS subsystem in actual balloon-flight conditions. As one of many prototype subsystems, a scaled-down OHP model was mounted on the pGAPS payload (Fig. 6 ). 12, 13) The pGAPS OHP was developed on the basis of the scaled down U-shaped model described in the previous Section 2.2; it consists of 10 turns of U-shaped tubes each with a check valve, dummy heat load strips on the heating section, a white painted radiator attached to the cooling section, and an albedo shield attached to the adiabatic section. The reservoir was disconnected before the flight. To prevent the overpressure for ensuring the operation safety, a safety valve, a manual release valve, and thermostatic switches were involved. The pGAPS OHP was both thermally and electrically isolated from other pGAPS components to ensure stand-alone evaluation. A white paint was selected among commercial products based on thermal evaluation tests and measurements of optical characteristic (solar absorptance and infrared radiation emittance). A finite element method (FEM) thermal analysis using a software "Thermal Desktop" 14) was performed to define mechanical design parameters, such as the area and tilt angle of the radiator as well as the area and thickness of the albedo reflector.
The pGAPS balloon was launched from JAXA's Taiki Aerospace Research Field (TARF) in Hokkaido on June 3 rd 2012. During its 6-hour flight including 3 hours of level flight at around 32 km height, the dummy heater was switched on and off by a tele-command module dedicated to the OHP controlled from the TARF ground base, and the temperature data was recorded on an onboard stand-alone data logger.
The obtained OHP temperature data is consistent with a transitional thermal calculation including the typical OHP heat conductance, the monitored payload attitude (or the position relationship with the sun), and the estimated natural convection between the radiator and the ambient atmosphere (Fig. 7) . From this result, we confirmed that the pGAPS OHP model worked well as expected throughout the flight. This was the first OHP, which successfully operated on a flying vehicle. The heat conductance of OHP was around 5 W/K, which indicates that the OHP worked well during the flight as expected.
13)
Meter-Scale OHP Models
As the next step, we scaled up the OHP to an actual-sized model for GAPS (Fig. 8) . The length of the large U-shaped OHP model was determined to be on an average size; 6 m turn length consisting each of 2 m long heating, adiabatic, and cooling sections. The number of turns was scaled down to 16 from the full-scale number of 100. With this model, we verified for the first time that a large U-shaped OHP can function at least at room temperature. On the other hand, at low temperatures, the OHP partially met the system requirements and its performance was not as good as it was at room temperature. The temperature dependence of the performance degradation was more critical than the case of the scaled-down U-shaped OHP. 19) Because the U-shape routing requires a round-trip line in the cooling section for each turn, in order to transfer heat effectively by working fluid flowing all over the tube, liquid slug must move (not only downward but also) upward in the cooling section against its own weight. Similarly, vapor plug must move (not only upward but also) downward in the heating section against its buoyancy. At low temperatures where the saturation vapor pressure and its temperature gradient of working fluid become lower, the drive force caused by the selfoscillation is considered to become weaker. The performance degradation of the scaled-up U-shaped OHP indicates that the elongation of vertical tube exposed the drag caused by gravity.
To seek a way to improve the thermal performance, a modified heat transfer route "O-shaped," which has an additional adiabatic section bridging the top of two vertical sides, has been tested (Fig. 8 ). The turn (or "loop") length of the O-shaped OHP model is thus 8 m. Assuming that a one-way flow with upward stream in the heating section and downward stream in the cooling section, the gravity drag is expected to be relaxed. As a result, the O-shaped OHP showed better thermal performance (such as the amount of heat transport, the heat conductance, the uniformity of the heating section, and the start-up time) than the U-shaped model. For instance, the heat conductance of the U-shaped and the O-shaped OHP models were 10 W/K and 12 W/K, respectively, at 223 K with 150 W heat load, both of which meets the 16% scaled-down system requirement of 8.5 W/K (Fig. 9) . 20) The relative performance difference between these two OHP models can be roughly explained by a simple calculation assuming both of the pressure loss in the capillary tube and the effect of the body force. 20) Another idea to relax the gravity drag per turn is "spiral" routing; the heat dissipation is gathered and transported to the cooling section in the nearly horizontal direction (instead of vertical direction of U-and O-shapes). In this routing, the head of 2 m is distributed among all turns except for the return line.
The spiral routing was simulated by toppling the O-shaped model with CVs over sideways. As a result, it operated with 50 W heat load, then showed large temperature fluctuation with 100 W heat load, and reached the heat transportation limit with 150 W (Fig. 10) . 21) This is smaller than the of 250 W obtained by the upright O-shaped model with CVs. It is considered that the own weight of liquid slug in the cooling section and the buoyancy of vapor plug in the heating section (i.e. the gravity, or the body force) assist the working fluid flow resulting in better performance of upright O-shape. Currently, we consider the O-shape is the best candidate of the GAPS-OHP routing in terms of the thermal performance, even though more materials are required in the detector view than the U-shape. It should be noted, however, that the heatingsection temperatures of the O-shaped OHP sometimes show non-negligible amount of ununiformity larger than ±5 K (Fig. 10) .
Another O-shaped OHP model, whose height of heating and cooling sections are decreased by half, was also investigated. This half-height O-shape showed the heating-section ununiformity, too. 23) Therefore, it is considered that this ununiformity is not mainly caused by gravity nor by tube length. This ununiformity problem remains to be solved.
Detailed Researches of Meter-Scale O-Shaped OHP
Flow visualization
In order to understand the thermal performance of the meterscale O-shaped model more in detail, we visualized the working fluid flow inside the OHP tube. In order to minimize the effect on the flow, only minimum requisite proportion of tube (made from copper or stainless steel) was replaced by a transparent ETFE (Ethylene tetrafluoroethylene) tube with same inner diameter of 1 mm to be monitored by video cameras. For instance, in order to measure the local flow speed, we visualized two locations 10 cm long each at the middle and top of the heating section of the central loop, where the temperature ununiformity was observed (Fig. 11) . To measure the By this visualization, we succeeded in taking data about the local flow direction, the local flow speed, the condensation length, and the local flow regime (whether gas-liquid slug flow or gas-liquid annular flow or churn flow or locally dried-out state) at several representative locations of the O-shaped OHP model under various thermal conditions of temperature and heat input. 24) In addition, the reservoir weight was monitored to confirm the effective liquid charging ratio in the OHP. These experimental data including the data taken in Section 4 are discussed by a simulation model described in Section 6.1. 
Thickening of the OHP tube inner diameter
For the OHP models, we have used tubes with 1.0 mm inner diameter, which is a typical thickness used in conventional OHP researches and is easily available. The inner diameter of the OHP tube is required to be thin enough to form slug but must not be too thin to avoid the enhancement of the pressure loss. According to Ref. 27) , the maximum inner diameter of the OHP tube, , is predicted by an empirical formula: , (1) where the Bond number, , is defined by .
By plugging physical properties of R410A in the above equations, can be obtained as around 1.5 mm. Therefore, there must be a possibility to thicken the tube for working fluid of R410A. As a tube easily available with an inner diameter thicker than 1.0 mm but not too much close to 1.5 mm, we selected a tube with 1.3 mm inner diameter (the outer diameter is thickened resultantly to 3.0 mm from 1.6 mm of the conventional tube).
We developed an O-shaped OHP with the 1.3 mm inner diameter tube, while keeping the basic design concept of the Oshaped model described in Section 4 ( Fig. 12) . As the result, in comparison with the 1.0 mm model, the 1.3 mm model showed larger in a wide temperature range between 223 K and 293 K. 28) Detailed investigations are in progress to optimize the OHP tube thickness.
One-loop O-shaped model
In order to investigate the characteristic behavior of the Oshaped OHP, simplified O-shaped models with just one loop each of 1.0 mm tube and 1.3 mm tube were developed (Fig. 12) . It turned out that these one-loop models show behaviors of the scaled and the ununiformity of heating-section temperature which are similar to those of multi-loop OHPs described in the previous sections. 28) This result verified that the one-loop model can extract the characteristic behavior of the O-shaped OHP and thus can be utilized for further investigations. 
One-dimensional steady-state model
To make ballpark estimation of the thermal performance of meter-scale OHP models, a simulation code was developed based upon satisfying mass, momentum, and energy balance under steady state. The OHP tube is segmented into onedimensional finite elements. The drive force given to the working fluid is calculated as a sum of body force. The steady state is simulated by a condition that the energy loss by pipe friction, calculated from the thermal balance at each segment, is consistent with the whole system drive force. Local regime of the two-phase flow is expressed by void fraction at each segment. Unsteady phenomenon including the self-oscillation cannot be represented by this model.
Using this numerical code, we estimated the temperature, the pressure, the void fraction, and the flow speed at each point of OHP as well as , the condensation length, and the reservoir weight. As shown in Figures 13 -16 , overall, the computed results show good consistency with the time average of experimental results described in the previous sections. 26, 28, 29) It is considered that the gravity can be treated as a major drive force to express the time-averaged picture of the O-shaped OHP. On the other hand, there remain some discrepancies between the simulation and the experimental results, which might be caused by the self-oscillation effect. The ununiformity of the heating-section temperature cannot be well reproduced by this simulation, too.
Nevertheless, we expect that this numerical calculation will greatly help us to perform the survey of operating conditions and the optimization of the GAPS-OHP design, along with the experimental investigations. 
One-dimensional unsteady model
Although the numerical model described in Section 6.1 is useful, it cannot evaluate time-varying factors such as the system stability (e.g. temperature fluctuation) and the state transition (e.g. start-up time from OFF to ON).
In order to approach these factors, a one-dimensional unsteady model 31) is being developed and will be applied to the GAPS-OHP designing. This model is based on the well-known model developed by Faghri et al.
32)
The OHP tube is segmented into one-dimensional finite elements. Not only the working fluid liquid slugs and vapor plugs but also the tube wall is taken into account. At each time step, local balance of mass, momentum, and energy at each segment are solved. As a result, the working fluid flow including the self-oscillation can be reproduced.
Although Faghri's model succeeded in simulating the OHP fluid dynamics partly, it has difficulties both in the precision of numerical calculation and in the length of calculation duration time. In the new model, the numerical calculation method, the modeling of liquid membrane on the inner tube wall, and the boiling model have been improved. A check valve model is also developed to be implemented as needed.
By these improvements, we expect this new model will be applicable to the actual OHP system designing. Once the consistency between the model and the experimental data is confirmed by a simple small planate OHP model, this model will be applied to the meter-scale O-shaped OHP.
Multi-dimensional unsteady model
For the above mentioned one-dimensional model, it is difficult to simulate the time-varying local details of the OHP working fluid such as the wettability and the status of gas-liquid interface. Because there are few previous works to simulate the moving phase-changing compressible two-phase flow in a capillary tube three-dimensionally, a new simulation model is being developed. To proceed the coding development step by step, a two-dimensional model is being developed at first keeping a scalability to three-dimension. 33) The shape of the surface between liquid and gas in a twophase flow, or meniscus, is considered to be one of the key factors to predict the amount of thermal transportation precisely. 34) In our model, the geometry of meniscus is formed from the equilibrium of local pressure difference and the surface tension. To evaluate the microscale mechanism, numerical calculation by large-scale computation is needed. To meet this requirement, we have developed a two-phase flow solver based on the ghost fluid method and the interface interaction method. 35) These schemes are expected to make it efficiently and robustly to solve the interface between the phases.
For now, we obtained comprehensive results about typical shock and bubble interaction problem of helium and air, as well as of water and air. As the result, the shape of the interface and the volume consistency show good agreement with the previous studies. Now, we are trying to improve our solver to treat OHP with body force and surface tension. After that, a phase change model is going to be implemented to investigate the evaporation and condensation in the OHP tube.
Improvements of Check Valve
Check valve (CV) is an essential component, which can contribute to make the OHP flow directional resulting in effective heat transfer. 36) Different from small planate OHP like the one shown in Fig. 1 , the effect of CV is not so much visible in the case of the 8-m-loop O-shaped OHP model. Figure 17 shows measured heat conductance of the O-shaped OHP under various temperature and heat input conditions. 23) The upper figure corresponds to the case when a CV is attached to each loop at the heating section inlet (same as the lower part of Fig.  9 ), and the lower figure corresponds to the case without CV. At higher temperatures, CV seems to work effectively. On the other hand, at lower temperatures where the saturation vapor pressure becomes lower, sometimes CV seems to degrade the heat conductance, possibly due to CV's forward flow resistance. That is, if the performance of CV including the forward flow resistance is improved, CV might become more effective for the OHP in wider range of conditions. Therefore, we have improved the CV design.
CV is required to have sufficient forward flow coefficient, sufficient backward sealing, sufficient abrasion resistance against continuous operation (up to around 100 days in case of GAPS), and sufficient technical feasibility of accurate fabrication with reasonable price.
Before our development, ball CVs with conically-tapered valve seat were used for OHP. Conical seat was made by swaging or by jointing pre-tapered tubes (Fig. 18a, 18b) . 36) Especially swaging of thin OHP tube requires a high skill and thus results in high cost and variability in quality.
In order to obtain CV with higher / stable quality and lower price, we have introduced a cylindrical valve seat design and its simple fabrication technique used for commercial airconditioning equipment. Two types of CV with cylindrical valve seat CV, which we have sequentially developed, are described in the following sections. Figure 18c shows a conceptual diagram and a photo of the copper-type CV with cylindrical valve seat. Both of the measured forward flow coefficient and backward leakage quantity of this CV were comparable to those of conventional CV's. The cost of this CV is more than an order of magnitude cheaper than the conventional CV. 37) Each CV was installed into a planate OHP model with 10 turns of 30 cm length. By comparing the with three attitudes (bottom heat, horizontal, and top heat), the effect of CV was evaluated. As a result, the new copper-type CV led better OHP performance especially with horizontal and topheat attitudes (i.e. less dependence on gravity). 37) The design parameters of this copper-type CV, such as the ball stroke, the taper angle of ball stopper, and the size and weight (or material) of the ball, were optimized by comparing the as well. 38) This copper-type CV, however, showed a disadvantage that the abrasion resistance against the vibration comparable to 100 days was not sufficient because of less stiffness of copper.
Cylindrical valve seat CV with copper tube
Cylindrical valve seat CV with stainless steel tube
In order to improve the durability of the copper type CV as written above, a stainless-steel type with an improved design was developed (Fig. 18d) . The mechanical design and machining process were also modified to make further improvements to the fabrication accuracy. 9, 10) As a result of the evaluation using the small planate OHP again, this new stainless-steel type CV showed the best (or almost the best) performance among all types of CV in any kind of tests and meets the GAPS requirements. As a result of the CV unit test (not mounting on actual OHP), this new CV shows stable backward leakage rate about 50 ml/min that is around one order of magnitude smaller than the conventional CV, and stable forward flow rate about 12 l/min that is around 25% better than the used worn conventional CV. 39) All CVs discussed here has inner diameter of 1.0 mm. We will develop a stainless-steel type CV with inner diameter of 1.3 mm, too. Then, we will implement the stainless-steel type CV to the O-shaped OHP models to investigate those effect on the OHP performance.
Future Prospect and Conclusion
The OHP is an attractive thermal technology that has a great possibility to contribute to the GAPS cooling system. Although it is not generally easy to utilize a quite new technology in actual use, by making various investigations both experimentally and numerically, we have succeeded in many improvements of the OHP design and are getting close to obtain a feasible OHP design that fully satisfies the GAPS system requirements.
Recently, we have decided to mount a reduced number of detectors at least on the first attempt of the GAPS flight with a similar payload volume (as indicated by descoped version in Section 1). That is, the total heat dissipation and the heat flux of detectors will be decreased. This change will slightly relax our challenge, and the feasibility to utilize OHP will be increased. 
